Constructal law has inspired a large amount of work in fluid flow and heat transfer analysis, design and optimization. In this paper the authors will investigate high temperature (~ 500℃ ) molten salt flow and heat transfer characteristics in paddle heat exchangers (more general name of paddle dryers) by invoking constructal law idea and CFD tools. The research shows that among three typical paddle-shaft structures, open hollow paddle-shaft structure transfers more heat than solid paddleshaft structure and closed hollow paddle-shaft structure for specified inclined angle of paddles and inlet flow rate. The performance superiority of open hollow paddle-shaft structure demonstrates the design optimization direction or constructal evolving direction. Next, under the constraint of the outside surface shape which is determined by the flow of outside materials, the effects of the open hole position, size, non-finned angle, as well as the pressure drop (in dimensionless form, Bejan number) on flow and heat transfer for open hollow paddles are calculated. There exists an open hole position at which pressure drop and heat transfer rate approach maximum simultaneously for specified flow rates. The flow rate and heat transfer rate increase significantly as the hole diameter increases. When the non-finned angle decreases, the heat transfer rate increases whereas the change of the flow rate is not monotonous. Finally, the comparison of original and modified rotary joints shows that internal heat insulation combined with external cooling reduces the average temperature in the sealing packing domain greatly which helps improve the sealing performance under high molten salt temperature conditions. The present work provides more insight in molten salt flow and heat transfer in paddle heat exchangers and provides reference data for design engineers.
INTRODUCTION
Paddle dryer is one kind of indirect dryer that has been used in removing moisture of many materials [1] , such as sewage sludge [2] [3] [4] [5] [6] [7] , brown coal [8] , coal slime [9] etc. In drying processes, steam or heat transfer oil is the normal working fluids in the temperature range less than 300℃ . In order to extend the temperature range up to 600℃ , molten salts (e.g., Hitec salt) become favorable candidates. Paddle dryer is then given a more general name -paddle heat exchanger as its application is beyond the scope of drying. Although molten salt flow and heat transfer in simple ducts and some applications (e.g., solar thermal power systems) have been investigated extensively [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , no research on molten salt paddle heat exchangers is presented.
In this paper we will study molten salt paddle heat exchangers by invoking constructal law-based methodologyconstructal design method (CDM) [21] . In many instances, heat transfer rate is the design objective with specified constraints (e.g., volume, work consumption and mechanical strength etc.). Optimization or trade-off is critical. CDM provides a view for designing and optimizing thermofluid systems via evolving their flow architecture [22] [23] [24] [25] [26] [27] [28] [29] [30] , such as from uniform structures to multi-scale structures. For molten salt paddle heat exchangers, salt flows in hollow shaft and granular or pasty materials flow on the shell-side (i.e. outside).
If the convective heat transfer coefficients on the two sides are in the same scale which is valid in some cases, molten salt-side heat transfer optimization is important. In this paper, we will present molten salt flow and heat transfer performance in paddle-shaft structures and in rotary joints.
MODEL
Consider a 3m 2 (nominal heat transfer area) and two-shaft type paddle heat exchanger with Hitec salt (53% KNO3 -40% NaNO2 -7% NaNO3) as the heat transfer fluid (Fig.1) . In general, the working temperature of Hitec salt is less than 535℃ [31] . The number of pairs of paddles is N (= 23 in this paper), and the inclined angle of paddles is α. The shell-side material is driven by rotating paddles, and heated by hot molten salt via paddle-shaft surfaces. Select one element (with one pair of paddles) for analysis (Fig.2) . The outside surface shape of the paddle determined by shell-side flow design is specified as the constraint of molten salt-side design. Figure 3 shows three types of paddles, solid paddle, closed hollow paddle and open hollow paddle. For closed hollow paddles, natural convection of air occurs in closed cavities (Fig. 3b) , and for open hollow paddles, forced convection of molten salt happens in the inner space (duct) of paddles (Fig.  3c) . The first work in this paper is to compare the three
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paddle-shaft structures (Section 3). To further investigate the relationship between the structure and performance of open hollow paddles (Section 4), we selected the computational domain shown in Fig. 4 . Besides paddle-shaft, rotary joint (Section 5) is another important component which connects hollow shafts and outside fluid loop (Fig. 5) . For high temperature thermofluid (like molten salt) systems, thermal expansion-induced leakage is a critical fault mode. To solve this problem, reducing the temperature of the sealing packing is used as a design objective in order to improve the performance of rotary joints. Figure 5a is the original prototype of a rotary joint, and Fig.  5b provides an alternative design with internal heat insulation layer between the hot molten salt and the sealing packing. More details can be found in Ref. [31] . For structures shown in Figs. 3~5, we simulated the flow and heat transfer performance by using a model for threedimensional conjugated heat transfer. The Reynolds-averaged model, with standard k-ε turbulence model, is used to simulate molten salt turbulent forced flow process [32, 33] . For the closed hollow paddle-shaft structure shown in Fig. 3b , where air is trapped in the closed cavity, turbulent natural convection with standard k-ε turbulent model is adopted to calculate the effect of air. Thermal radiation among inner surfaces of hollow paddles is included in the model [31] .
In normal applications, the shafts of paddle heat exchangers rotate less than 50rpm, and it has been confirmed that the effect of rotation rate on flow and heat transfer design is negligible [31] . The equation for heat conduction in solid is then given 
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(4) constant properties for molten salt and solid, given in Table 1 . The boundary conditions are summarized in Table 2 . Table 1 . Properties of molten salt (T = 500℃ ) and stainless steel [31] Property Open hollow paddle (Fig. 4) Rotary joint ( The simulation results are summarized in dimensionless groups as follows.
To solve the flow and heat temperature fields we used a finite-volume computational package ASNYS Fluent [34] with pressure-based solver SIMPLE algorithm. The mesh independence was checked before each simulation was performed. Less than 1% changes in pressure drops and heat transfer rates between successive mesh sizes are considered acceptable results. The number of grids used in the simulations varies from case to case.
SOLID AND HOLLOW PADDLES
Consider the evolving of paddles from solid structure to hollow structure in Fig. 3 . Figure 6 compares the heat transfer rates for the three structures: solid paddle-shaft structures, closed hollow paddle-shaft structures and open hollow paddle-shaft structures. In the range Re = 26000 ~ 260000, the heat transfer rate of the closed hollow paddle-shaft structure is 3%~10% higher than that of the solid paddle-shaft structure mainly due to the air natural convection in the closed cavities in paddles, but the open hollow paddle-shaft structure transfers approximate 2.5 times heat of the solid paddle-shaft or closed hollow paddle-shaft structures. The performance superiority of open hollow paddle-shaft structure documented here demonstrates the design optimization (or constructal evolving) direction, from conduction to natural convection (of air) to forced convection (of molten salt). (Fig.  3) is only 1/N of the total flow rate. When Re increases from 26000 to 260000, the heat transfer rate is increased 10.5% for the solid paddle-shaft structure, 16.9% for the closed hollow paddle-structure and 7.9% for the open hollow paddlestructure respectively. Note that when ho varies, the quantitative effect of Re on the heat transfer rate is different. For solid paddles and closed hollow paddles, as fluid does not flow through the inner space of hollow paddles, BeSP << BeOHP and BeCHP << BeOHP. In Ref. [31] , it gives the order of magnitude: BeOHP ~100BeSP or 100 BeCHP. It means that much more power is to be consumed to drive molten salt flow for open hollow paddle-shaft structures than for solid paddleshaft and closed hollow paddle-shaft structures. This is the price that open hollow paddles have to pay for improving the heat transfer performance.
OPEN HOLLOW PADDLES
We further evolve (or optimize) the structure of open hollow paddles. First we discuss the effect of the position angle θ of the open holes. For specified mass flow rates, Fig.8 shows the peak pressure drop and peak heat transfer rate relative to the position angle θ. For two flow rates in Figs. 8 and 9, the peak pressure drop and peak heat transfer rate emerges at nearly the same θ ≈ 42.5º. When M = 10.36 and 103.6, Bemax = 1.216×10 11 and 1.244×10 13 , Q = 1.828 and 4.739 respectively. When θ ≈ 45º, the four holes for one pair of paddles is uniformly distributed circumferentially, that is the normal option found in practice. Figure 9 shows one example of the flow field and the temperature field of molten salt. The results are for the symmetrical cross-section of the open hollow paddle. We see that eddy zones exist and the flow does not bath the entire space uniformly. The temperature distribution (or gradient) is not ideal. The observation reveals that there is room for further improvement in design. respectively. Consider that molten salt will solidify when its temperature is lower than its melting temperature (142℃ for Hitec salt). To start the paddle heat exchanger smoothly or avoid possible blockage, larger d is to some extent necessary with the penalty of reduced mechanical strength. Figure 11 . The effect of the non-finned angle β Figure 11a shows the effect of the non-finned angle β on the mass flow rate and heat transfer rate. When Be is small, the effect of Be on M is negligible. When Be is larger, the structure with β = 30º provides higher flow rate than that with β = 20º or 40º . There is no significant gap between β = 20º or 40º in the range Be = 1.1×10 11~ 10×10 11 . This observation tells that the change of M with β is not monotonous. The effect of β on Q is different from that on M (Fig.11b) . Q increases as β decreases, which corresponds to larger heat transfer area. When Be is small, the effect of β on Q is weak especially for β = 20º and 30º . It should be noted that β also influences the flow characteristics of shell-side materials. The design on both two sides should be taken into account to get a proper β.
ROTARY JOINTS
To decrease the thermal expansion (or temperature) in the sealing packing domain, we inserted heat insulation layer with thickness t in the inner tube wall (Fig.5b) . This structure weakens the heat flow from the hot molten salt to the sealing packing domain and more heat is dissipated through paths where there is no heat insulation. Meanwhile, if external cooling at the outside surface is performed, the average temperature in the sealing packing domain can be further reduced. Figure 12 documents the average temperature T and the heat loss Q for the structures before and after modification. For instance, when Be = 2.77×10 10 , for the original structure and the modified structure with t = 2 mm and hor = 40 W/(m 2 K), the dimensionless average temperature in the sealing packing domain is 0.97 (equivalent to 490℃ ) and 0.52 (equivalent to 356℃ ) respectively, and the dimensionless heat loss increases from 0.361 to 1.136. 
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Examples of the temperature fields are shown in Fig.13 . The results are for the symmetrical cross-sections. When internal heat insulation is adopted, the average temperature in the sealing packing domain decreases significantly. This means that better sealing performance may be achieved. 
CONCLUSIONS
In this paper we used constructal design method and threedimensional numerical simulations to document molten salt flow and heat transfer performance in paddle heat exchangers. Three paddle-shaft structures were compared. The results show that there exists an evolving direction (from conduction to air natural convection to molten salt forced convection) aiming to improve the heat transfer performance of paddleshaft structures. If the flow rate at the inlet of the hollow shafts is specified, open hollow paddle-shaft structure provides greater heat transfer capability than solid paddleshaft and closed hollow paddle-shaft structures.
For open hollow paddles, there is an open hole position at which pressure drop and heat transfer rate approach maximum simultaneously for specified flow rates. The flow rate and heat transfer rate increase significantly as the hole diameter increases. When the non-finned angle decreases, the heat transfer rate increases whereas the change of the flow rate is not monotonous.
The comparison of original and modified rotary joints shows that internal heat insulation combined with external cooling drops the average temperature in the sealing packing domain efficiently which helps improve the sealing performance under high molten salt temperature conditions. When external cooling is used, the heat loss increases too.
The present work provides more insight in molten salt flow and heat transfer in paddle heat exchangers. It shows that heat transfer optimization of molten salt in paddle heat exchangers is available and trade-off (between heat transfer and pressure drop or between temperature control and heat loss) is necessary. In practice, more factors like mechanical strength and manufacture cost should be taken into account. 
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